In this paper, we demonstrate the use of synthetic polyamide probes to fluorescently label heterochromatic regions on human chromosomes for discrimination in cytogenetic preparations and by flow cytometry. Polyamides bind to the minor groove of DNA in a sequence-specific manner. Unlike conventional sequence-specific DNA or RNA probes, polyamides can recognize their target sequence without the need to subject chromosomes to harsh denaturing conditions. For this study, we designed and synthesized a polyamide to target the TTCCA-motif repeated in the heterochromatic regions of chromosome 9, Y and 1. We demonstrate that the fluorescently labeled polyamide binds to its target sequence in both conventional cytogenetic preparations of metaphase chromosomes and suspended chromosomes without denaturation. Chromosomes 9 and Y can be discriminated and purified by flow sorting on the basis of polyamide binding and Hoechst 33258 staining. We generate chromosome 9-and Y-specific 'paints' from the sorted fractions. We demonstrate the utility of this technology by characterizing the sequence of an olfactory receptor gene that is duplicated on multiple chromosomes. By separating chromosome 9 from chromosomes 10-12 on the basis of polyamide fluorescence, we determine and differentiate the haplotypes of the highly similar copies of this gene on chromosomes 9 and 11.
INTRODUCTION
The technology to analyze and sort human chromosomes by flow cytometry has played an important role in genomics, human genetics and comparative cytogenetics since its advent in the 1980s (1, 2) . The loss or gain of DNA caused by gross chromosomal rearrangements associated with genetic disorders can be assessed by flow cytometry and sorting (3) (4) (5) (6) (7) . DNA sequence libraries constructed from flow-sorted chromosomes laid much of the groundwork for the assembly of the human genome sequence (8) (9) (10) (11) , and flow sorting continues to play a critical role in analyses of sequences that are duplicated on multiple chromosomes (12, 13) . Flow sorting is also the key technology used to generate chromosome-specific collections of DNA sequences, which can be used as a probe in fluorescence in situ hybridization (FISH) to fluorescently 'paint' specific chromosomes (14, 15) . These paints facilitate the detection of chromosome abnormalities (16, 17) and reconstruction of chromosome rearrangements that have occurred during the evolution of primates (18, 19) .
Despite extensive searches, the choice of stains for chromosome discrimination by flow cytometry is very limited. Currently, the most discriminatory and robust staining regime employs two DNA-specific dyes, Hoechst 33258 (HO) and chromomycin A3 (CA), whose intensities are measured after separate excitation in a two-laser flow cytometer (20) . Because HO and CA bind preferentially to A-T and G-C base pairs, respectively, chromosomes are distinguished by differences in overall DNA content and base pair ratio. Most human chromosomes are remarkably well resolved by this stain combination. However, the 9-12 group and various chromosomes of other species are poorly resolved due to similarity in their size and base pair composition (6, (21) (22) (23) .
A strategy for using DNA probes to label specific chromosomes for sorting would be highly desirable. Many short, highly repetitive sequences have been identified that when hybridized to conventional cytogenetic preparations using FISH produce bright, chromosome-specific signals (24, 25) . Flow cytometry and FISH have been combined to quantify specific sequences in interphase nuclei (26) , most notably to resolve nuclei carrying zero, one or two copies of the Y chromosome (27, 28) or with other chromosome abnormalities (29) . However, attempts to conduct FISH on chromosomes isolated in suspension have not been particularly successful, despite the efforts of several laboratories (30) (31) (32) (33) (34) . Chromosomes in suspension fall apart and clump together when subjected to the harsh denaturing conditions required for FISH.
In this study, we explore the use of polyamides to discriminate chromosomes by flow cytometry. Polyamides are synthetic ligands that bind in the minor groove of DNA in a sequencespecific manner (35) (36) (37) (38) (39) . Unlike DNA-, RNA-or PNA-probes, polyamides can recognize and bind to specific sequences without requiring denaturation of the target (39) (40) (41) (42) . In theory, a repertoire of polyamides could be developed to recognize chromosome-specific repetitive sequences in any species.
To demonstrate this approach, we have designed and tested a polyamide targeted to a sequence motif that is highly repeated in the heterochromatic regions of chromosomes 9, Y, 1 and a few other chromosomes (43) . We show here that this fluorescently labeled polyamide binds to its target sequence in both conventional cytogenetic preparations of metaphase chromosomes and suspended chromosomes prepared for flow cytometry. The labeling procedure is extremely simple, because no denaturation step is required. We demonstrate the utility of this approach to analyze the sequences of an olfactory receptor gene that has recently been duplicated onto multiple chromosomes.
MATERIALS AND METHODS

Fluorescence in situ hybridization
Methanol-and acetic acid-fixed mitotic chromosome spreads were prepared from the cell line CGM1 by standard cytogenetic techniques and dropped onto glass slides as described elsewhere (44) . The metaphase preparations were denatured in 70% formamide/2× SSC at 70°C for 2 min and immediately dehydrated in a series of 70, 85, 90 and 100% ice-cold ethanol for 3 min each and then air-dried. For hybridizations of a fluorescein-labeled oligonucleotide directed against the TTCCA heterochromatic repeat (5′-CATTCCATTCCATTC-CATTC-3′; synthesized by Gibco-BRL), we used a method of FISH modified for the use of a short, synthetic oligomer (45) . Approximately 2 ng/µl oligomer was hybridized along with unlabeled herring sperm competitor DNA (∼600 ng/µl) overnight at 37°C in 10% formamide, 2× SSC and 10% dextran sulfate in 10-µl total volumes. The slides were subsequently washed at 42°C three times in 10% formamide/2× SSC at 37°C for 10 min each, followed by three times in 2× SSC for 10 min each. For hybridizations using biotinylated degenerate oligoprimed (DOP)-PCR-amplified flow-sorted chromosomes (see below), the probe was prepared as described (44) and hybridized overnight at 37°C in 50% formamide/2× SSC/50% dextran sulfate. Washes were performed as described above in 50% formamide/2× SSC followed by 2× SSC. Detection with avidin-fluorescein was performed by standard techniques, as described elsewhere (44) . Chromosomes were mounted in an antifade solution [1 mg/ml p-phenylenediamine dihydrochloride, 0.1× D-PBS (pH 7.6) and 90% glycerol] containing 250 ng/µl DAPI. Images were acquired as described previously (46) .
Polyamide synthesis
Abbreviations. The following abbreviations are used to describe the hairpin polyamides (47) : N-methylpyrrole (Py), N-methylimidazole (Im), β-alanine (β), γ-aminobutyric acid (γ) and 3,3′-diamino-N-methyldipropylamine (DA). Additional abbreviations used are: AEEA, 2[(2-aminoethoxy)ethoxy] acetic acid; and C6-F, 6-(fluorescein-5-carboxamido)-hexanoic acid.
Synthesis. The automated syntheses of Im 2 Py 2 -γ-Py 4 -β-DA-AEEA-C6-F (S-PA-F, for short polyamide) and Py 4 -γ-Im 2 Py 2 -β-Im 2 Py 2 -β-DA-AEEA-C6-F (L-PA-F, for long polyamide) were performed on an Advanced ChemTech 348 MPS system. Programs were written according to the instrument manufacturer's instructions for protecting group (Boc) removal, addition of each coupling unit (monomer, dimer or trimer) to the growing chain and capping.
Materials. Boc-β-alanine-(4-carbonylaminomethyl)-benzylester-co-poly(styrene-divinyl-benzene) resin (Boc-β-Ala-PAM) (0.22 mmol/g) was purchased from Peptides International. 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and Boc-β-alanine were purchased from Advanced ChemTech. N,N-diisopropylethylamine (DIEA) and N,N′-dicyclohexylcarbodiimide (DCC) were purchased from Acros. 1-Methyl-2-pyrrolidinone (NMP), acetic anhydride, dichloromethane (DCM), trifluoroacetic acid (TFA), acetic acid and methanol were purchased from Fisher. Tetrahydrofuran (THF), DA, N,N-dimethylformamide (DMF), triethylamine, N-hydroxysuccinimide (NHS) and 1-methyl-2-pyrrole were purchased from Aldrich. 2[(2-Boc-aminoethoxy)ethoxy] acetic acid (Boc-AEEA-OH) was purchased from Applied Biosystems. 6-(Fluorescein-5-carboxamido)hexanoic acid succinimidyl ester (C6-F-NHS) was purchased from Molecular Probes. Boc-γ-aminobutyric acid was purchased from Nova Biochem. HPLC buffer [0.05 M triethylammonium acetate (TEAA)] was prepared from acetic acid and triethylamine and adjusted to pH 4.5 or 8.3. The syntheses of Boc-PyOH, Boc-ImOH, ImOH, Im 2 OH, Boc-γ-Im 2 OH and Boc-β-Im 2 OH were carried out according to literature procedures (47) .
Preparation of Im 2 Py 2 -γ-Py 4 -β-DA-AEEA-C6-F (S-PA-F).
Boc-β-Ala-PAM resin (1.0 g, 0.22 mmol/g) was treated with 80% (v/v) TFA in DCM for 30 min to remove the Boc protecting group. The solution was drained and the resin washed sequentially with DCM and NMP. Boc-PyOH monomer (1.0 ml, 0.5 M in NMP) was dissolved in NMP (2.0 ml) and activated with HBTU (1.0 ml, 0.5 M in NMP) and DIEA (1.0 ml, 1 M in NMP) for 10 min. The activated monomer was added to the resin, and the mixture was agitated for 2 h. The solution was drained and the activation/coupling process repeated twice more ('triple coupling'). Following the third coupling, the resin was washed sequentially with NMP and DCM. Unreacted amines were capped with acetic anhydride (362 µl) and DIEA (625 µl) in DCM (5.5 ml) for 30 min, followed by washing with DCM. Addition of subsequent coupling units was accomplished by repeating the deprotection/ activation and coupling/capping cycle. Py, β and γ units were added as monomers; however, due to reduced coupling efficiency of Im to Im, the final coupling was performed using Im 2 OH dimer.
Cleavage of the polyamide from the resin was achieved by treating the resin with a solution of DA (1.5 ml) dissolved in THF (10 ml) in a 25-ml round-bottomed flask fitted with a condenser and heated under nitrogen to 60°C for 16 h. The mixture was filtered, and the resin washed with methanol. The combined filtrates were evaporated in vacuo, and the resulting oil was dissolved in water (2 ml) and methanol (2 ml). The solution was cooled in an ice bath and carefully acidified to pH 4.5 with acetic acid. The crude product was purified in a single aliquot by reversed phase HPLC [Waters PrepLC2000; µBon-dapak C18 PrepPak cartridge (25 × 100 mm); flow rate 10 ml/min] using gradient elution (0.05 M TEAA pH 4.5 and methanol; gradient 30-70% methanol over 60 min). Fractions (20 ml) were collected and evaporated in vacuo to yield 82.2 mg (29%) of Im 2 Py 2 -γ-Py 4 -β-DA. Analytical HPLC of the product showed a single UV-absorbing peak. The product was also analyzed by mass spectrometry using an HP1100MSD operating in positive ion mode and using electrospray injection: calculated (M+H + ) 1266, observed 1266.
The purified Im 2 Py 2 -γ-Py 4 -β-DA was treated with Boc-AEEA-NHS (prepared by treatment of Boc-AEEA-OH with NHS and DCC) in DMF for 2 h, followed by evaporation of the solvent in vacuo and treatment of the crude product with 80% (v/v) TFA in DCM for 30 min to remove the Boc protecting group. This provided a hydrophilic nine-atom spacer for subsequent coupling with fluorescent dye. The solvent was evaporated in vacuo, and the crude product was treated with C6-F-NHS (20 mg) in DMF (1 ml) containing DIEA (73 µl) for 1 h. The solvent was again evaporated in vacuo. The crude Im 2 Py 2 -γ-Py 4 -β-DA-AEAA-C6-F was dissolved in water (2 ml) and methanol (2 ml) and purified in a single aliquot by reversed phase HPLC as above, but using gradient elution (0.05 M TEAA pH 8.3 and methanol; gradient 30-70% methanol over 60 min). Fractions (20 ml) were collected and evaporated in vacuo to yield the purified product. Analytical HPLC showed a single UV-absorbing peak. The product was also analyzed by mass spectrometry as above: calculated (M+H + ) 1883, observed 1883.
Py 4 -γ-Im 2 Py 2 -β-Im 2 Py 2 -β-DA-AEEA-C6-F (L-PA-F).
The approach employed above was used in the synthesis of Py 4 -γ-Im 2 Py 2 -β-Im 2 Py 2 -β-DA-AEEA-C6-F. The trimers Boc-γ-Im 2 OH and Boc-β-Im 2 OH were used at appropriate points in the sequence assembly. The final purified product was analyzed by mass spectrometry as above: calculated (M+H + ) 2444, observed 2444.
Polyamide labeling of conventional cytogenetic preparations
Stock concentrations of S-PA-F and L-PA-F were made by reconstituting lyophilized polyamide in equal volumes of DMF and 0.1 M NaHCO 3 (pH 9). Polyamide was freshly diluted in Dulbecco's phosphate-buffered saline (PBS) to 1 µM each day prior to use and was applied directly to slides carrying methanol/ acetic acid-fixed chromosomes. After covering with a 22 × 22 mm 2 coverslip sealed around the edges with rubber cement, slides were placed in a humidified environment and put in a 37°C incubator overnight. Following incubation, coverslips were removed, and slides were briefly rinsed in a phosphate-NP-40 buffer [100 mM phosphate buffer (pH 8.0) and 0.05% (v/v) NP-40] at room temperature. Slides were then mounted in antifade solution lacking DAPI counterstain.
Preparation and flow sorting of chromosomes
Chromosome suspensions were prepared from the lymphoblast cell line CGM1 using a modification (7) of the polyaminebased method originally described by Sillar and Young (48) and Lalande et al. (49) . Briefly, cells cultured in RPMI medium containing 20% fetal bovine serum were arrested at mitosis by incubation in 0.1 µg/ml colcemid for ∼16 h. After centrifugation, the cells were resuspended in 40 mM KCl for 10 min and then centrifuged again. The pellet was resuspended in cold buffer containing 80 mM KCl, 20 mM NaCl, 15 mM Tris-HCl pH 7.2, 2 mM EDTA, 0.5 mM EGTA, 7 mM β-mercaptoethanol, 0.2 mM spermine, 0.5 mM spermidine and 0.12% digitonin, and incubated on ice for 10 min. The suspension was vortexed vigorously for 2 min and then stored for up to 90 days at 4°C before use.
Prior to flow analysis, the chromosomes were stained for ≥2 h with a combination of either 40 µg/ml CA and 2 µg/ml HO or 1 µM S-PA-F and 2 µg/ml HO. Sodium citrate and sodium sulfite were added to chromosomes stained with CA and HO 15-30 min before flow analysis at final concentrations of 10 and 25 mM, respectively, to improve chromosome resolution (50) .
Flow cytometry
Chromosomes were analyzed on an Influx flow sorter (Cytopeia, Inc., Seattle, WA) (51, 52) . One laser was tuned to emit ultraviolet light (351-364 nm, 250 mW) to excite HO, and HO fluorescence was measured after passing through a 425-nm long-pass filter and a 458-nm rejection-band filter. A second laser was tuned to 458 nm (250 mW) to excite CA, and CA fluorescence was measured after passing through a 500-nm long-pass filter and a 458-nm rejection-band filter. Alternatively, fluorescein fluorescence was measured following excitation at 488 nm (250 mW) after passing through a 530/40 band-pass filter. The fluorescence pulses from the individual chromosomes were integrated by a data acquisition system, and the measurements of fluorescence intensity of ∼200 000 chromosomes were collected in listmode at a rate of ∼1000 chromosomes/s (53) .
To prepare chromosome paints or for sequence analysis, 2000-2500 chromosomes of each type were flow-sorted in 0.2-ml PCR tubes containing 10 µl of sterile water. In the case of chromosomes 9-12, which sort as a group with HO and CA, 6000 chromosomes were collected.
Preparation of chromosome paints (DOP-PCR amplification)
Flow-sorted chromosomes were frozen, thawed and then subjected to DOP-PCR to randomly amplify DNA sequences in the sorted chromosomes according to the method of Telenius et al. (54) and Rabbitts et al. (22) . Reagents were added to the 10 µl of sorted chromosomes to achieve final concentrations of 2 µM 6MW primer (5′-CCGACTCGAGNNNNNNATGTGG-3′) (where N = any base), 5 µl per sample of 1× DOP-PCR buffer (0.05 M KCl, 10 mM Tris-HCl, 0.1% Triton X-100), 160 µM MgCl 2 , 200 µM dNTPs in a 50-µl total volume. The mixture was then heated for 5 min at 95°C to denature the chromosomes, after which 0.3 U/µl (f.c.) Taq DNA polymerase was added to each tube. Polymerase addition was followed by five cycles of 94°C (1 min), 30°C (1.5 min), a 3-min ramp to 72°C, 3 min at 72°C, followed by 30 cycles of 94, 62 and 72°C for 1, 1 and 3 min, respectively, concluding with a final extension cycle of 72°C for 10 min.
The chromosomes were labeled with biotin in a second DOP-PCR using 5 µl of the above primary DOP-PCR product in a 50-µl reaction containing 200 µM dGTP, dCTP, dTTP, 100 µM dATP, 100 µM biotin-14-dATP (Invitrogen Life Tech. catalog no. 19524016) and 1× DOP-PCR buffer, 2 mM MgCl 2 , 2 µM primer and 0.5 U/µl Taq DNA polymerase. An initial 3-min denaturation period at 94°C was performed, followed by 30 cycles of 94°C for 30 s, 62°C for 45 s and 72°C for 2 min. A final extension cycle of 72°C was performed for 5 min.
Sequence analysis
For PCR amplification and sequence analysis, 2500 chromosomes were flow-sorted into a sterile PCR tube containing 10 µl of sterile water. For Figure 5 , a 25-µl PCR using primers F16147 (CAAGAAGTCAGAATCAGAAGG) and R17372 (TATTTTCACTCCCTCATCTCA) was carried out in the same tube into which chromosomes were sorted. An aliquot of 0.5 µl of product from the first reaction was used as template in a second reaction with primers F16192 (GATCTTTCTCAAT-AGTGGTCT) and R17307 (AATGTAGTACCTCAAAT-CCTT). For other analyses of the OR-A gene (not shown), primers F4708 (ATTGAGGCAATGTATGTGGAAG) and OLF-AR (ACACTGAGAAGCCGAGATAACTGAA) were used in the first reaction, and OLA10 (CCAACTTCAC-TATATTTTGTG) and OLA4 (TCTGACTTCCTTCTCCT-TCTC) were used for the second reaction. PCRs were performed using 0.7 U of Expand High-Fidelity Polymerase, 1× Expand HF buffer No. 2 with MgCl 2 (Boehringer Mannheim), 0.4 µM each primer and 200 µM each dNTP. The first reaction consisted of a 2-min denaturation step at 94°C followed by 40 cycles of 94°C for 30 s, 52°C (55°C for F4708 and OLF-AR) for 30 s and 72°C for 90 s; a final 7-min extension step was carried out at 72°C. The second PCR consisted of 35 cycles with an annealing temperature of 60°C. PCR products were purified using a Sephacryl-300 column and sequenced using ABI Big-Dye Terminator chemistry. Sequencing reactions were performed using a 2-min denaturation at 96°C followed by 25 cycles of 96°C for 10 s, 50°C for 5 s and 72°C for 4 min. Sequencing primers were F16192, R17307, F16666 (ACATCTCCTTTTCAGAGTGGA) and R16913 (TTTCAATT-TCTTCTCTTCTGT) or OLA10 and OLA4. PCR and sequencing reactions were performed in a PTC-100 thermocycler.
RESULTS
Design of polyamides to recognize a pentamer repeated in heterochromatic regions of human chromosomes
We designed polyamides to recognize the pentameric sequence 5′-TTCCA-3′, which is tandemly repeated within the heterochromatic regions of several chromosomes (43, (55) (56) (57) . To characterize the specificity of a probe for this repeat, we first hybridized a 20-nt fluorescein-labeled (TTCCA) 4 oligomer to denatured human chromosomes using a slight modification of conventional FISH methodology. The (TTCCA) 4 oligomer produced an intense fluorescent signal on the heterochromatic region of chromosome 9, as well as chromosomes Y, 1, 16 and the acrocentric chromosomes (Fig. 1A) . Figure 2A and B illustrates the two polyamides that we synthesized to target this TTCCA-repeat. Our designs were based on the work of Dervan and colleagues (36, 38, (58) (59) (60) (61) (62) . The building blocks for polyamides are the monomeric aromatic amino acids Im and Py. Two oligomers composed of Im and Py are connected together with γ, which creates a turn in the polyamide. The molecule folds into a 'hairpin' structure, such that two polyamide oligomers bind in a side-by-side, antiparallel manner in the minor groove. A pairing of Im opposite Py (Im/Py) targets a G-C base pair, while a Py/Py pairing targets both T-A and A-T base pairs. In addition to the Im and Py rings, a C-terminal β and DA are incorporated into the molecule. These residues enhance DNA-binding affinity and specificity (59, 63) . In addition, they display a strong preference for flanking A-T or T-A base pairs over G-C or C-G base pairs (58, 62) . Figure 1B shows the binding of S-PA-F to a cytogenetic preparation. The polyamide probe produces a fluorescent pattern very similar to that of the (TTCCA) 4 oligomer. However, in the case of the polyamide, non-denatured chromosomes were simply incubated in a solution containing the polyamide probe overnight and then rinsed before mounting. The polyamide probe results in an intense signal on the targeted regions of chromosome 9, Y, 1, 16 and the acrocentric chromosomes. The fluorescence signals along the length of each chromosome in Figure 1B suggest that S-PA-F is able to access binding sites throughout the chromosomes in addition to the repeated arrays detected by (TTCCA) 4 . Relative differences among the intensities of chromosomes 9, Y and 1 are graphically illustrated in Figure 1C . Both the size and the intensity of the labeled region on chromosome 9 exceed that of chromosome 1. The intensity per unit length of the labeled regions on chromosome Y and 1 are similar, but a greater proportion of chromosome Y's length is labeled by the polyamide. In cytogenetic preparations, the longer polyamide L-PA-F yields a better signal:noise ratio, as binding outside of the heterochromatic regions is significantly reduced (Fig. 1D and E) . Figure 3B shows a conventional flow karyotype of chromosomes isolated from a normal male cell line (CGM1) that have been stained with the DNA-specific fluorochromes HO and CA and analyzed by flow cytometry. The resulting plot shows distinct populations representing the various human chromosomes. Chromosomes 9-12 are not resolved. Figure 3A shows the fluorescence distribution of the same chromosomes, stained instead with S-PA-F and HO. The HOintensity distribution is similar in Figure 3A and B, indicating that the polyamide does not deleteriously affect the chromosomes or relative HO staining. Distinct populations of chromosomes displaying enhanced fluorescent signal on the fluorescein axis are evident. HO correlation between the two flow karyotypes suggests that the fluorescein-bright populations in Figure 3A represent chromosomes 1, 9 and Y. In this setting, S-PA-F gave better signal:noise ratio than L-PA-F (not shown).
TTCCA-targeted polyamides bind to heterochromatic regions in conventional cytogenetic preparations
Flow cytometric analysis of polyamide-labeled chromosomes
Cytogenetic analysis of flow-sorted chromosomes using DOP-PCR
We verified the identity of chromosomes sorted on the basis of S-PA-F and HO staining by using DOP-PCR to prepare chromosome 'paints' from sorted material. Chromosomes were sorted from the boxed regions indicated in Figure 3A . Sorted chromosomes (2000 per reaction) were universally amplified and biotinylated using DOP-PCR and then used as conventional FISH probes. Figure 4 shows the sites to which the sorted material hybridized on a normal male metaphase spread. In Figure 4A , the chromosomes isolated using sort window a, with HO intensity corresponding to chromosomes 9-12 and bright S-PA-F staining, paint chromosome 9 specifically. Paints made of material purified using sort window b (HO intensity of 9-12, but S-PA-F-dim) stain chromosomes 10, 11 and 12, but not chromosome 9 (Fig. 4B) . In Figure 4C , the polyamide-bright chromosomes in sort window c corresponding to chromosome Y indeed label chromosome Y specifically. The polyamide-dim chromosomes with a similar HO intensity (sort window d) correspond to chromosome 18 (Fig. 4D) .
Use of polyamide staining and flow cytometry to resolve paralogous sequences
We used polyamide staining and flow cytometry to separate chromosomes carrying slightly different copies of a duplicated block of DNA known to contain sequences similar to olfactory receptor genes (12) . This sequence is present on many chromosomes in subtelomeric locations (12) . In individual CGM1, it is present on nine chromosomes, including a copy on one homolog of chromosome 9 and a copy on each homolog of chromosome 11 (12) . In order to evaluate the sequence variation among these copies and determine whether any of the paralogous genes encode functional proteins, it is necessary to separate chromosomes by flow cytometry. The copies on chromosomes 9 and 11 could not be resolved for sequence analysis using the standard HO and CA staining strategy. For example, when the mixture of chromosomes 9-12 was used as a template for PCR amplification and sequencing, both a G and T are observed at a site within this block (at site 17015 within GenBank accession no. L78442). It is impossible to assign the variants to chromosome 9 or 11. Therefore, we separated these chromosomes from each other based on the intensity of bound S-PA-F. Figure 5 , middle and bottom, shows the sequence generated from the sorted fractions representing chromosomes 9 and 10-12, respectively. The copy with the T at position 17015 derives from chromosome 9, and the copies with the G at this position derive from chromosome 11 in this individual. Other samples of chromosomes 9 and 10-12 were flow sorted, PCR amplified and sequenced to examine variants within the gene itself (not shown). We found three nucleotide differences within the OR-A genes on chromosomes 9 and 11 and could resolve the two haplotypes using the flow-sorted material (9 versus 11: T versus C at nt 4896; G versus A at nt 5113; C versus T at nt 5730).
DISCUSSION
In this paper, we demonstrate the utility of sequence-specific, minor groove-binding polyamides in two novel molecular cytogenetics applications.
First, we demonstrate that sequence-specific polyamides can produce bright sequence-specific labels in conventional cytogenetic preparations of human chromosomes. The procedure is considerably simpler than conventional FISH, as it is not necessary to denature chromosomes. The ease with which polyamides can be used to mark human chromosomes could supplant conventional FISH probes for cytogenetic analyses of chromosome aneuploidy in the pre-natal clinical setting and in cancer research. It should be straightforward to develop polyamides that recognize chromosome-specific α-and/or β-satellite sequences (25, 62, 64) . Given that each polyamide carries only a single fluorochrome, this approach will be most suitable for labeling sequences repeated thousands of times within a concentrated region of the chromosome of interest, such as is the case with satellite repeats.
Secondly, we demonstrate the first application of sequencespecific labeling of human chromosomes for discrimination by flow cytometry. This approach is particularly useful for discriminating chromosomes that cannot be resolved using the conventional HO and CA staining regime. We note that chromosome 9 can be discriminated from chromosomes 10-12 by the addition of netropsin to HO-and CA-stained chromosomes (43, 65) . Netropsin interferes with the binding of HO to the extensive heterochromatic region on chromosome 9, such that the overall HO fluorescence of chromosome 9 is reduced significantly relative to these other similarly sized chromosomes. Polyamide labeling offers an alternative way to resolve chromosome 9, and we expect that polyamides designed to label other human chromosomes and specific chromosomes of other species will improve the ability to discriminate and purify chromosomes by flow cytometry for a variety of molecular analyses.
In our studies, this capability has been especially useful for resolving copies of sequences that have recently duplicated onto multiple chromosomes (13) . Some of the most interesting regions of the human genome are similarly complicated by large, recent duplications (46, (66) (67) (68) (69) , and the ability to conduct large-scale sequence analyses of duplicated segments derived from different chromosomes from multiple individuals will greatly facilitate efforts to understand the evolutionary dynamics and functions of these regions. Also, it should be possible to develop procedures to label specific chromosomes in whole-cell nuclei for flow cytometric quantification of chromosome copy number. Recent developments by Dervan and coworkers (41, 70, 71) and Laemmli and coworkers (42) suggest that it may even be possible to label live cells with fluorescently tagged polyamides. This capability would allow functional assays of aneuploid subpopulations to be conducted either during or after flow analysis and sorting. A variety of modifications can be made to polyamides to improve their target specificity. Longer polyamides, while difficult to synthesize, could potentially achieve better sequence specificity than the short polyamides used here. We are intrigued by the different behavior of the two polyamides in the two applications demonstrated here. In cytogenetic preparations, L-PA-F gave better signal:noise than S-PA-F, whereas the shorter polyamide resulted in more optimal labeling of chromosomes prepared for flow analysis. We suspect that different accessibility of target sequences in the two preparations is responsible for the different behaviors of the two polyamides. These observations illustrate that experimenting with variations on polyamide structure is worthwhile. Laemmli and coworkers showed that subtle variations in the structure of polyamides targeted for telomeric repeat had significant effects on binding efficiency (42) . Furthermore, the polyamides used in our study could not discriminate A-T from T-A base pairs. The hydroxypyrrole (Hp) polyamide subunit is capable of distinguishing A-T from T-A base pairs. Although polyamides containing the Hp moiety are still difficult to synthesize routinely (38, 62) , we anticipate significant improvements in sequence specificity and expanded application of polyamides with their incorporation. Fig. 3A) . The arrow denotes a single peak, corresponding to a guanine at this position. Other nucleotides represented are cytosine (C) (blue) and adenine (A) (green).
